Dyskerin is a nucleolar protein present in small nucleolar ribonucleoprotein particles that modify specific uridine residues of rRNA by converting them to pseudouridine. Dyskerin is also a component of the telomerase complex. Point mutations in the human gene encoding dyskerin cause the skin and bone marrow failure syndrome dyskeratosis congenita (DC). To test the extent to which disruption of pseudouridylation or telomerase activity may contribute to the pathogenesis of DC, we introduced two dyskerin mutations into murine embryonic stem cells. The A353V mutation is the most frequent mutation in patients with X-linked DC, whereas the G402E mutation was identified in a single family. The A353V, but not the G402E, mutation led to severe destabilization of telomerase RNA, a reduction in telomerase activity, and a significant continuous loss of telomere length with increasing numbers of cell divisions during in vitro culture. Both mutations caused a defect in overall pseudouridylation and a small but detectable decrease in the rate of pre-rRNA processing. In addition, both mutant embryonic stem cell lines showed a decrease in the accumulation of a subset of H͞ACA small nucleolar RNAs, correlating with a significant decrease in site-specific pseudouridylation efficiency. Interestingly, the H͞ACA snoRNAs decreased in the G402E mutant cell line differed from those affected in A353V mutant cells. Hence, our findings show that point mutations in dyskerin may affect both the telomerase and pseudouridylation pathways and the extent to which these functions are altered can vary for different mutations.
T
he nucleolar protein dyskerin is one of four proteins associated with H͞ACA small nucleolar RNA (snoRNAs) in small nucleolar ribonucleoprotein particles that catalyze the pseudouridylation of specific uridine residues during the maturation of rRNAs (1, 2) . Dyskerin has similarities with yeast and bacterial pseudouridine synthases, suggesting that it is the active enzyme (3) (4) (5) (6) (7) . The H͞ACA snoRNAs act as guide RNAs that target the complex to specific residues via specific base pairing (8, 9) . Telomerase (10, 11) , which spends part of its time in the nucleolus (12, 13) , is a ribonucleoprotein complex whose core components are the telomerase reverse transcriptase TERT and the telomerase RNA component TERC, which acts as a template for the synthesis of the TTAGGG telomere repeats at the ends of chromosomes. These simple repeats, along with a number of associated proteins, protect the ends of chromosomes from degradation and aberrant fusion events. TERC has a H͞ACA like domain at its 3Ј end (12) and is associated with the same four proteins as H͞ACA snoRNAs, including dyskerin (14) (15) (16) . Because no pseudouridylation target associated with telomerase action has been identified, it is assumed that dyskerin has a structural role in the telomerase complex.
X-linked dyskeratosis congenita (DC), caused by point mutations in the DKC1 gene that encodes dyskerin (17) , is a rare, usually fatal, inherited skin and bone marrow failure syndrome in which patients develop mucocutaneous lesions, aplastic anemia, and an increased susceptibility to cancer (18, 19) . Tissues with a rapid cell turnover appear to be the main target of the DC pathobiology (20, 21) . It is not clear whether the function of dyskerin as a pseudouridine (⌿) synthase, its role in the telomerase complex, or both, is primarily responsible for the pathogenesis of DC. Although an autosomal form of DC is caused directly by mutations in TERC (22) , suggesting that the disease is caused by defective telomerase activity, studies from animal models suggest that defective rRNA processing may cause some of the features of DC (23, 24) . In this paper, we approach this controversy by inducing DC-causing point mutations in the highly conserved Dkc1 gene of embryonic stem (ES) cells normally expressing high levels of dyskerin and telomerase activity. We show that these two dyskerin mutations may affect both telomerase and pseudouridylation, and that the extent to which these two processes are altered varies for the two mutations.
Materials and Methods

Preparation of Targeting Construct, Generation of A353V and G402E
ES Cells, and Cell Culture. Targeting constructs were made by oligonucleotide-directed mutagenesis using the Transformer (Clontech) system and standard subcloning methods as described (25) . ES cells (RW-4, Siteman Cancer Center at Washington University School of Medicine) were transfected with A353V or G402E targeting vector and selected with Geneticin (Sigma). A353V and G402E ES clones were cultured on mitomycin C-treated STO cell (ATCC CRL-2225) feeder layers in ES medium (DMEM, 17% FCS) supplemented with L-glutamine, nonessential amino acids, Hepes, leukemia inhibitory factor, and 2-mercaptoethanol.
RNA Isolation and Northern Blot Analysis. Total RNA was isolated from ES cells by using TRIzol (Invitrogen). For analysis of snoRNAs, 20 g of total RNA was electrophoresed through 6% polyacrylamide͞7 M urea gels and transferred onto Zeta-probe membranes (Bio-Rad) by using Transblot SD semidry blotting apparatus (Bio-Rad). The sequence of the oligonucleotides used to probe these blots is supplied in Table 1 , which is published as supporting information on the PNAS web site.
Telomeric Repeat Amplification Protocol (TRAP) Assay. Telomerase activity was measured by using the TRAPeze telomerase detection kit (Intergen, Purchase, NY) according to the manufacturer's recommendations. Cell lysates were prepared by using the 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) lysis buffer provided in the kit and stored at Ϫ80°C. Protein concentration was measured in each extract by using the Bio-Rad Protein assay (Bio-Rad).
Analysis of Telomere Lengths (26).
Cells were isolated and embedded in agarose plugs following instructions from the manufacturer (CHEF agarose plug kit; Bio-Rad). DNA embedded in the agarose plug was digested with MboI and electrophoresed through a 1% agarose gel for 23 h at 6 V͞cm at a constant pulse time of 5 s using the CHEF DR-III pulse-field system. The gel was analyzed by in-gel hybridization with [ 32 P] 5Ј end-labeled oligonucleotide (CCCTAAA) 4 probe.
Western Blot Analysis. Primary antibody incubations were carried out by using the antibody to TOPOII␤ (H-286; dilution 1:200; Santa Cruz Biotechnology) and polyclonal antiserum to dyskerin raised against the peptides DCSNPLKREIGDYIR (amino acids 74 -88) and GLLDKHGKPTDNTPAC (amino acids 382-396ϩC; dilution 1:1,000) and supplied by Eurogentec (Brussels). Western blots were developed by using chemiluminescence (SuperSignal from Pierce). Total RNA (from 1.0 ϫ 10 6 cells) was separated on a 1% agarose formaldehyde gel and transferred to a nylon membrane. The membranes were sprayed with EN 3 HANCE Spray (New England Nuclear), dried, and exposed to x-ray films at Ϫ80°C.
Analysis of Pseudouridylation in 28S and 18S rRNA. ES cells were pretreated in phosphate-free medium for 1 h and labeled for 3 h with [ 32 P]orthophosphate (100 Ci͞ml). Total RNA was electrophoresed through a 1% agarose formaldehyde gel. The 28S and 18S rRNA were purified by electroelution, phenolchloroform extracted, ethanol precipitated, and digested with RNase T2 (Sigma) in 50 mM ammonium acetate, pH 4.5͞ 0.05% SDS͞1 mM EDTA at 37°C. Digested RNA (20,000 cpm each) was analyzed by two-dimensional cellulose TLC (EM Science, Gibbstown, NJ) by using isobutyric acid͞NH 4 In Vitro Assay of Pseudouridylation. In vitro assays of pseudouridylation were performed as described (27) . Site-specifically labeled rRNA substrates used in this study are shown in Fig. 5 .
Labeling of the target uridine and oligodeoxynucleotidemediated ligation were performed according to the two-way RNA ligation protocol (28) . The position in the U19 substrate was deduced from that in human U19. RNA oligomers were synthesized and purified with RNase-free HPLC (Integrated DNA Technologies, Coralville, IA). The ligation products were purified by 12% urea PAGE. Preparation of nuclear extracts and the pseudouridylation assay were performed as described (27) .
Results
Production of Mouse ES Cell Lines with Dkc1 Point Mutations.
We used gene trapping vectors containing an internal ribosome entry site (IRES)-NEO cassette in the Dkc1 3Ј UTR to insert point mutations causing amino acid substitutions A353V and G402E into the mouse Dkc1 locus (Fig. 1) . ES cell clones that had recombined at the 3Ј end but did not contain the Dkc1 point mutations (designated WTϩNEO) were used to control for any effect of the IRES-NEO element in the 3Ј UTR and for the presence of neomycin in the culture medium. We previously showed in mouse lines that the presence of the IRES-NEO element in the 3Ј UTR of the Dkc1 gene was not deleterious to the cells, although the biochemical analyses reported here were not carried out (25) . All ES cell clones had a normal XY karyotype (data not shown). In culturing ES cells containing the mutations A353V or G402E for 400 population doublings, we did not observe any obvious difference in the growth rate of the mutant cells or any morphological changes in the cells compared to wild-type ES cells. Any differences that we observed between cell lines and reported below were found in at least two separate experiments and in at least two independent cell lines of each genotype. Northern blot analysis of RNA isolated from the mutant and control ES cells revealed a decrease in the abundance of dyskerin mRNA in the A353V cell lines compared to the WTϩNEO control cells (Fig. 1B) . Western blotting showed that both mutant cell lines consistently showed a reduced level of dyskerin with about half the level of the wild-type protein (Fig. 1C) .
The A353V Mutation Causes a Decrease in Terc RNA Levels and in
Telomerase Activity, Leading to Telomere Shortening. It is not known whether the decreased levels of TERC RNA, low levels of telomerase activity (14) , and short telomeres (29) in cells from X-linked DC patients are a direct effect of the dyskerin muta- tions or are a downstream consequence of the bone marrow failure in these patients. We analyzed levels of Terc RNA by Northern blotting in the ES cells carrying mutant Dkc1 genes ( Fig. 2A) . We observed a dramatic decrease in Terc RNA levels in ES cells carrying the A353V mutation in Dkc1, whereas ES cells with the G402E mutation had apparently wild-type levels of Terc RNA. The decrease in Terc RNA levels in the A353V mutant was much greater than the decrease in dyskerin mRNA or protein levels seen in the mutant cell lines, and is therefore likely to be a specific effect of the amino acid substitution. This conclusion is strengthened by the fact that the G402E mutant cell lines show no reduction in Terc RNA levels, although they also show a decrease in the steady state level of dyskerin.
Next, we tested the effect of the dyskerin mutations on telomerase activity. We measured telomerase activity in cell lysates by using the semiquantitative TRAP assay. The results (Fig. 2B) show that telomerase activity in ES cells with A353V mutant dyskerin was considerably reduced (34% of WTϩNEO), whereas the G402E mutation did not cause a significant reduction in activity. It was important to know whether the reduction in telomerase activity would lead to telomere shortening in ES cells. ES cells were subcultured to a dilution of 1:20 when confluent, approximately every 3 days. DNA was extracted after 24, 59, and 60 passages, and telomere length was measured by Southern blotting and in-gel hybridization. As shown in Fig. 2C , telomere lengths in the A353V ES cells were already shorter than in the control cells at 24 passages and were very short at 59 and 60 passages. The G402E cells and the WTϩNEO cells, on the other hand, maintain their telomere length throughout the 60 passages. We conclude that the A353V mutation in dyskerin leads directly to defects in telomere maintenance by destabilizing Terc RNA.
Accumulation of H͞ACA snoRNAs Is Altered in Cells with G402E or
A353V Mutations in Dyskerin. Because stability of Terc RNA is mediated through its H͞ACA domain, we considered that H͞ACA snoRNAs may also be unstable in cells containing mutant dyskerin. We therefore examined the accumulation of H͞ACA snoRNA in mutant ES cells by using Northern hybridization. We tested a series of mouse H͞ACA snoRNAs that had characterized human homologues (30) . Oligonucleotides complementary to the snoRNA sequences were used to probe Northern blots of total RNA from WTϩNEO control cells and the two mutant ES cell lines. The results (Fig. 3) show some variability in the levels of snoRNAs; however, in the A353V cell line H͞ACA snoRNAs mE2, mE3, mU68, mU69, and mU70 were consistently significantly decreased (in four separate experiments). The results from the G402E cell line were more complex, with mU64 decreased and mE1 and mU72 apparently increased in amount.
Total ⌿ Is Decreased in 18S and 28S rRNA in Dkc1 Mutant ES Cells. In yeast and Drosophila, mutations in dyskerin orthologs lead to a decrease in total ⌿ content in rRNA (6, 23) . The same has been found in mice with a hypomorphic mutation close to the Dkc1 gene (24) . Therefore, we asked whether the mutations in the Dkc1 gene in mouse ES cells led to a decrease in the total amount of ⌿. P]orthophosphate, RNA extraction, and gel purification. The RNAs were digested with RNase T2 before analysis of their nucleotide composition by two-dimensional TLC. Spots representing uridine and ⌿ were carefully located and excised, and the radioactivity was counted. The results (Fig. 4) show that there is a significant decrease in the ratio of ⌿ to uridine in both mutant cell lines. Thus, compared with a ⌿͞uridine ratio of 100% in the WTϩNEO cells, the values for 18S RNA were 82.8% (G402E) and 73.0% (A353V), whereas for 28S RNA, they were 70.9% (G402E) and 
74.9% (A353V).
The difference between WTϩNEO and mutant cell lines was significant (t test, P Ͻ 0.05) and there was a significant difference between the two mutants for 18S (four independent clones tested) but not for 28S (n ϭ 5). To test whether site-specific pseudouridylation is defective in A353V ES cells, we tested lysates from the mutant and control cell lines for their ability to carry out the pseudouridylation reaction in vitro (27) . We chose to test a uridine residue, U4071 in 28S RNA, targeted by snoRNA mE3, which showed clearly decreased accumulation in the A353V cell line. As a control, we used a target uridine, U3419 in 28S RNA, of snoRNA U19, which was not altered in concentration in either of the mutant cell lines (see Fig. 3 ). We synthesized RNA templates with the appropriate uridine targets (8, 31) , labeled with 32 P, and treated them with nuclear lysates from mutant and control ES cells (three independent clones of each type were used in these experiments). The amount of newly formed ⌿ was then visualized after separation from uridine by one-dimensional TLC. The results (Fig. 5) show that there is a clear decrease in the amount of ⌿ formed by the lysate from A353V cells. In the case of U19, no significant differences were detected. We conclude that in A353V mutant ES cells the efficiency of pseudouridylation of uridine 4071 is decreased.
Pre-rRNA Processing Intermediates Accumulate in Dkc1 Mutant ES
Cells. In yeast and Drosophila, mutations in dyskerin orthologs cause defects in the pre-rRNA processing pathway leading to a reduced rate of production of mature rRNAs and accumulation of unspliced precursor molecules (5, 6, 23) . Similar observations have been made in mice with a hypomorphic mutation close to the Dkc1 gene (24) . We wished to know whether the dyskerin mutant ES cells had any pre-rRNA processing defects. Inefficient rRNA processing may arise as a consequence of decreased pseudouridylation of precursor rRNAs or decreased levels of those snoRNAs that mediate cleavage events during processing. Labeling RNA with [ Discussion Although dyskerin and its role in pseudouridylation is evolutionarily highly conserved, it is only associated with telomerase in vertebrates (12, 16) , where it may play a structural role, because no pseudouridylation targets are evident in the telomerase pathway. Thus, mutations in dyskerin could alter the stability of the RNA or the RNP complex as a whole or could specifically affect pseudouridylation. DC primarily affects tissues with rapidly dividing cells, so the pathology of DC is thought to be due to the effect of mutant dyskerin on stem cell and progenitor cell renewal (19, 21) . Murine ES cells are untransformed, diploid, mammalian stem cells that express high levels of dyskerin and telomerase activity. In addition, specific mutations may be readily introduced into the ES cell genome. Hence, murine ES cells carrying pathogenic DC mutations are an ideal surrogate to evaluate the effect of the mutation on the dual function of dyskerin in rapidly dividing stem cells. The dyskerin mutation A353V analyzed here is the most frequent mutation in X-linked DC patients (19) , whereas the G402E mutation has been described in a single family with typical DC (17). We find that the A353V mutation affects Terc RNA stability, the stability of specific snoRNAs, and the function of both Terc RNA and specific H͞ACA snoRNAs. The A353V mutation is within the ⌿ synthase and archeosine transglycosylase (PUA) RNA binding domain of the protein and is within a highly conserved motif. The Drosophila homolog 60B also has an alanine residue at this position (23) . Interestingly, the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, in which dyskerin does not associate with the telomerase complex, both have a valine at the corresponding position (32) . Thus, the A353V mutation is likely to affect RNA stability of TERC RNA and of a specific subset of snoRNAs, and exert its effects on telomerase and pseudouridylation͞rRNA processing via these unstable RNAs.
If the A353V mutation affects the stability of the RNAs to which it binds, why does it affect them differently? Either the RNA species interact in a sequence-specific manner with the dyskerin protein, so that altering dyskerin residues may affect a subset of RNAs, or all RNAs are destabilized by the mutation in dyskerin, but a more dramatic effect is seen with RNAs with a longer half life. In support of this latter notion, the RNA most severely affected by the A353V mutation is the Terc RNA itself and human TERC RNA has been shown to be the longest lived RNA on record, with a half-life varying between 5 days and 4 weeks in different human cell lines (33) . Little is known about the half-life of other snoRNAs.
Although the G402E mutation lies outside the PUA domain, it alters a conserved residue in a less conserved part of the protein; no function has been assigned to this part of dyskerin. Our results suggest that it may affect the accumulation of some specific snoRNAs that are different from the snoRNAs affected by the A353V mutation. However, the G402E mutation seems to affect total ⌿ levels and decrease rRNA processing in the same way as A353V. It is possible that these overall effects are mediated by altered binding of as yet unknown snoRNAs common to both mutant cell lines. Although the majority of H͞ACA snoRNAs so far described mediate pseudouridylation, some catalyze cleavage events in rRNA processing directly (34, 35) .
The A353V mutant cells, but not the control or the G402E cells, consistently showed a decrease in the amount of dyskerin mRNA, suggesting a specific effect of the A353V mutation on mRNA stability. Both mutations lead to decreased amounts of dyskerin protein, suggesting that the mutant proteins are somewhat unstable. The lower amount of dyskerin, which was found in both mutant cell lines, cannot explain the effects on Terc RNA of the A353V mutation, because they were not seen with the G402E mutation. However, decreased protein levels could be responsible for the lowered rate of rRNA processing and the decreased level of total pseudouridylation.
An alternative, probably more trivial explanation for the differences we see between A353V and G402E mutant cells may be that, although the A353V mutation has a similar effect on the mouse protein as the same mutation has on the human protein, this may not apply to the G402E mutation. It is possible that in the different molecular environment of the murine protein the mutation is buffered from severely altering the spatial arrangement of the important functional residues.
In the A353V mutant cells, we observe severe telomere shortening without an observable effect on growth rate after 60 passages (equivalent to 270 population doublings). This is consistent with the observations of Niida et al. (36) , who found ES cells with no telomerase activity (TercϪ͞Ϫ) grew normally for 300 divisions. It would be interesting to directly compare telomere dynamics in A353V versus TercϪ͞Ϫ ES cells for a large number of cell divisions to determine whether the residual activity in A353V cells may lead to the maintenance of short telomeres as has been found in Tertϩ͞Ϫ mice (37) .
An important issue concerns the role of defective dyskerin in the pathogenesis of dyskeratosis congenita. The results presented here show that both mutations lead to a decreased overall pseudouridylation and retard the rate of rRNA processing. Moreover, significant defects in specific snoRNA abundance are found in both mutant cells, and we demonstrate a corresponding deficiency in pseudouridylation at a specific site. Only the A353V mutation greatly reduces telomerase activity and leads to short telomeres, whereas the G402E mutation has no such effect. In contrast, Mitchell et al. (14) , studying primary cells from two DC patients, found decreased TERC RNA and telomerase levels in both, but failed to find any defects in the accumulation of other H͞ACA snoRNAs, pseudouridylation, or rRNA processing. How can these results be reconciled with ours? Apart from the mouse͞human difference, the cell lines used by Mitchell et al. both carry mutations in the 5Ј region of dyskerin with no assigned function. The effect of mutations in this region might differ from the effect of the mutations studied here. Alternatively, they may represent particularly mild DC variants, because cell lines from DC patients are notoriously difficult to grow. In these mild variants, in contrast to the more severe A353V variant, pseudouridylation defects or defects in rRNA processing may be very mild and not detected by the methods used. Indeed, we were only able to detect differences in rRNA processing by using a sensitive pulse-chase assay.
Currently, it is difficult to predict how the biochemical defect caused by the individual mutation will correlate with the clinical phenotype. The mutation A353V analyzed here is the most frequent mutation in X-linked DC patients (19) . The disease is heterogeneous in its expression, even within patients carrying the same mutation (19) . Patients with the A353V mutation vary in phenotype from typical DC, with signs of the disease appearing in the early childhood and severe bone marrow failure developing in the late teens, to very severe with bone marrow failure, immune deficiency, and cerebellar hyperplasia (Hoyeraal-Hreidarsson syndrome, refs. 38 and 39) being evident within the first year. This finding suggests that additional genetic or environmental factors may play a role in disease expression. Only one family with the G402E mutation has been described and the patient in this case presented with typical DC (17) . It is possible that the milder biochemical effects of the G402E mutation are ref lected in the milder DC phenotype. The biochemical study of more pathogenic dyskerin mutations will be necessary to determine whether the biochemical defect defined in ES cells will correlate with the clinical phenotype seen in humans and to further define the key events in the molecular pathogenesis of bone marrow failure in DC.
